We present a study of the thermodynamic and physical properties of Tl 5 Te 3 , BiTl 9 Te 6 and SbTl 9 Te 6 compounds by means of density functional theory based calculations. The optimized lattice constants of the compounds are in good agreement with the experimental data. The electronic density of states and band structures are calculated to understand the bonding mechanism in the three compounds. The indirect band gap of BiTl 9 Te 6 and SbTl 9 Te 6 compounds are found to be equal to 0.256 eV and 0.374 eV, respectively. The spin-orbit coupling has important effects on the electronic structure of the two semiconducting compounds and should therefore be included for a good numerical description of these materials. The elastic constants of the three compounds have been calculated, and the bulk modulus, shear modulus, and young's modulus have been determined.
Introduction
Recently thermoelectric materials have attracted the interest of many researchers and a lot of investigations have been performed showing that high efficiencies could indeed be obtained 1 .
Among the III-VI group, the Tl-Te system is of particular interest and has been the topic of many investigations for its thermoelectric properties [2] [3] [4] [5] [6] [7] . This system exists in four crystalline phases: due to their excellent thermoelectric properties and this explains why these compounds are the topic of the present study. Nevertheless thallium is a toxic element which can not be used directly in thermoelectric materials. But a fundamental study of this material can be done to understand the properties of other kind of materials crystallizing in the same structure.
Even though the knowledge of the different physical properties of these compounds is important, there are only few studies focused on the electronic and mechanical properties of Tl 5 Te 3 , BiTl 9 Te 6 and SbTl 9 Te 6 . In this work, the thermodynamic, electronic, thermoelectric and elastic properties of Tl 5 Te 3 , BiTl 9 Te 6 and SbTl 9 Te 6 compounds with Cr 5 B 3 -type structure have been studied using first-principles calculations based on the Density Functional Theory (DFT).
The remainder of this paper is organized as follows. In Section 2, the method and the calculation details are described. In section 3, the formation enthalpy, the electronic, thermoelectric and structural properties as well as the elastic constants and the Debye temperature are presented and discussed. Finally, some conclusions are drawn in Section 4. 20 with a smearing parameter of 0.2 eV is also used. The total energy is converged numerically to less than 1×10 -6 eV/unit. After structural optimization, calculated forces are converged to less than 0.01eV/Å. As mentioned in our previous work 21 , the Vinet 22 equation of state is used in this work to obtain the equilibrium volume (Ω 0 ), and the total energy (E). Here in opposition to our preliminary work 23 we have performed the calculations with and without the spin-orbit coupling (SOC) and we will show the importance of the spin-orbit coupling for the physical properties related to the electronic structure.
3. Results and discussion
Structural properties
In the present calculations, the lattice constants and formation enthalpies of the three compounds have been calculated with and without SOC, and listed in Table 1 . For Tl 5 Te 3 , the present calculated lattice constants with and without SOC are in good agreement with the experimental data 9 . The slight difference is due to the Generalized Gradient Approximation (GGA) used in this work since it is well known that the GGA overestimates the lattice constants or the equilibrium volume 24 . The lattice constants of BiTl 9 Te 6 and SbTl 9 Te 6 (see Table 1 ) are in good agreement with the experimental data 9 as well. From Table 1 , it can also be seen that the lattice constants of the three compounds with SOC are slightly closer to the experimental data than the results without SOC. The formation enthalpies of the three compounds are also listed in 
Electronic structure
We represent in Fig.1 the total density of states of the three compounds with and without SOC. As shown in Fig.1 , whereas Tl 5 Te 3 is metallic, the substituted compounds become semiconducting which a priori is favorable for thermoelectricity 1 . Concerning the effect of the SOC, for the substituted compounds, the main differences concern the width of the conduction bands which is larger with the SOC and the width of the gap which is smaller with the SOC. The SOC calculated band gap of BiTl 9 Te 6 is equal to 0.26 eV (0.58 eV without SOC) and the one of expected from DFT-GGA calculations 24 . Also, it should be noted that at the Γ point, without SOC, the bandgap is only slightly larger than the indirect bandgap (0.62 eV), whereas with SOC the bandgap is equal to 0.49 eV, which is roughly 2 times larger than the indirect bandgap. Thus, the inclusion of the SOC is crucial to obtain a good description of the band structure at the vicinity of the Fermi level, as it has also been shown in other semiconductors containing heavy elements as like Bi 2 Te 3 28,29 . In that case, as in our case, the effect of the SOC is double: it broadens the lowest conduction bands and hence reduces the size of the bandgap and it changes the position of the valence and conduction bands extrema as we will see later.
≥
We show the partial density of states and the band structure (calculated with the SOC) of Our results agree qualitatively with those of Nordell and Miller who performed tight-binding calculations using the extended Hückel method 5 . We notably confirm the presence of one hole pocket around the Γ point, of one electron pocket around the point N and that the Fermi level 4 intersects degenerate bands at point P (it is worth noting that without the SOC this degeneracy is not present). As noticed by Nordell and Miller 5 , this leaves the possibility of an electronic instability that could be related to the superconductivity observed in Tl 5 Te 3 and some of its alloys.
We find that the 5d core levels are close to 10 eV at a lower energy than in XPS experiments 7 . But we confirm the different band assignations done by Lippens et al in XPS experiments 7 with the help of tight-binding calculations. Two broad features are observed at around -6 eV and -1 eV and are respectively due to essentially 6s levels of Tl atoms and 5p levels of Te atoms with some small contributions due to 6p levels of Tl. However, we find that the small contribution from the 6s levels of the Tl atoms is located at the Fermi level and not below. Tl and Te is dominant in the (001) plane: this is consistent with the PDOS plots in Fig. 2 (a) showing the importance of the Tl-6p and Te-5p hybridization. From Fig. 4 
where n(ε) is the electronic density of states. This is a crude approximation but as discussed by Tobola and coworkers 31 , in favorable cases, eq.
(2) can give qualitative informations about the doping dependence of the thermopower.
To determine the thermopower at 300K of Tl 5 Te 3 we simply applied Eq. (2) and therefore determine the logarithmic derivative of the electronic density of states at the Fermi level multiplied 6 by -2.441 10 -2 (keeping the energy in eV). We obtain the relatively large value of -44 μV/K which is much larger than the experimental value (2 μV/K) 32 . Here, the disagreement is not surprising since experimentally this compound is not stoechiometric whereas our computer sample is perfectly stoechiometric. Indeed experimentally there exists an excess of thallium atoms accommodated on one of the two tellurium sites 33 which leads to a downshift of the Fermi level and hence changes the Seebeck coefficient . because from Fig.1 one can see that the Fermi level is located in a region in which the density of states changes very rapidly and thus a slight change in the approximations used in the calculations can induce a change of slope of the density of states at E f : we are probably at the limits of validity of the application of Mott's Law.
In the case of the doped samples, the Mott's law which is a priori only valid for metals can also be applied to determine the thermopower of semiconductors since the doped compounds are both degenerate semiconductors. This can be seen from the experimental reports in which metallic behaviours were reported for the electrical transport 10, 11 . To determine the thermopower, we have used the rigid band model (RBM) 34 knowing the concentration of charge carriers and then we have applied Mott's law : this is a rough approximation but the aim is to check if this crude method can at least give some hints on the thermoelectric properties of the alloys. When the DOS is changing smoothly then the RBM is working. Conversely, in presence of some van Hove singularities or if the DOS is changing rapidly, the RBM does not work, as in the case of the pure Tl 5 Te 3 compound.
We can apply this method to the Bismuth and Antimony doped compound since no more than two bands contribute to the electronic transport and because of the absence of van Hove singularities. In addition we know that at 300K the hole concentrations are respectively 1. We can expect that using post-DFT methods such as GW methods to obtain a more quantitative band structure would help to obtain a better quantitative agreement, but these techniques need huge calculation resources, especially for the case of heavy atoms requiring the SOC like in the present case.
Finally even though we have used a rough approximation, we find clearly that the Bi and Sb doped compounds have promising thermoelectric properties, in agreement with experimental results. This is probably related to the multivalley character of these narrow gap semiconducting compounds as mentioned earlier.
Elastic properties
In order to shed some light on the mechanical properties of Tl 5 Te 3 , BiTl 9 Te 6 , and SbTl 9 Te 6 , the elastic constants of the three compounds have been calculated with SOC in the present work and are listed in Table 2 .
For a tetragonal system, the mechanical stability criteria are given by C 11 >0, C 33 >0, C 44 >0, indicating that the shear elastic properties of the (001) plane are nearly independent of the shear direction.
The bulk modulus, shear modulus, Young's modulus and Poisson's ratio have been estimated from the calculated single crystal elastic constants, and are given in It is well known that the Poisson coefficient, ν, is close to 1/3 in metallic compounds, to 1/4
for ionic materials and is small in covalent materials (typically 0.1) 37 . Here, we find that ν = 0.28 in the metallic Tl 5 Te 3 and is smaller in the semiconducting BiTl 9 Te 6 and SbTl 9 Te 6 (ν = 0.22) which agrees well with the tendencies reported above. Obviously the mechanical properties of the studied materials are related to their bonding characteristics. The relatively large value of the Poisson coefficient in the two semiconducting compounds suggests that their bondings have a relatively strong ionic character, in good agreement with our discussion of the charge density map (Fig. 4b) .
The ratio between the bulk and the shear modulus, B/G, has been proposed by Pugh 38 
Conclusion
We have presented results of first-principles calculations for the phase stability, the electronic structure, the thermoelectric, elastic and thermodynamic properties of 
